The following data and information are available at GitHub (<https://github.com/Barbaraevansuk/Fecal-sludge-empty-and-transport-costs>): The excel-based cost model; Input data on costs used in the cost model; The results of the household survey (STATA); The results of the household survey (Excel); The household questionnaire (WORD); The script for extraction of data from the household survey results (WORD).

Introduction {#sec005}
============

Motivation {#sec006}
----------

The benefits of improved sanitation practices to health are well proven \[[@pone.0171735.ref001]--[@pone.0171735.ref003]\]. There is considerable evidence that the economic benefits of proper sanitation and management of fecal matter are high. In 2012 the World Health Organization (WHO) estimated that a dollar invested in sanitation yields an average benefit of USD5.50 \[[@pone.0171735.ref004]\]. However, in rural areas of the developing world, improved sanitation has mostly focused on increasing access to (onsite) pit latrines, where the sludge accumulates in a pit in the ground, and stays there. Managing sludge and wastewater from such sanitation structures has received lesser attention.

In recognition of the significant health and environmental risks associated with poor management of fecal sludge and wastewater, target 6.2 of the United Nations' Sustainable Development Goals calls for universal "access to adequate and equitable sanitation and hygiene for all" where 'adequate' '\[i\]mplies a system which hygienically separates excreta from human contact as well as safe reuse/treatment of excreta in situ, or transport to a treatment plant' \[[@pone.0171735.ref005]\]. This signals an increased commitment to establishing effective management strategies for treatment of sludge, and not just increasing access to toilets to reduce open defecation. In some locations effective management can be achieved through the use of twin-pit latrines. Each pit is used in turn; once the first pit is full it 'rests' until the second pit is nearly full. During this rest period the contents may be partially or completely treated and are then relatively safe to handle. The pit can then be emptied and the contents can then be disposed of or used as a soil conditioner before the first pit is brought back into use. In other cases, pits may be completely abandoned and covered over or used as a planting base for a productive tree, while the super structure is moved. However where space is in short supply or where the cost of twin-pit latrines is viewed to be prohibitive many rural households invest in single pit latrines and these need to be managed in a different way, implying the design of services that collect and transport sludge for treatment.

Designing such a service first requires an estimate of the actual costs of transportation, and the cost per household. One immediate source of monies for financing this cost could be contributions from private households who privately benefit from having sludge removed from their premises (private avoidance benefits) \[[@pone.0171735.ref006]\]. Households currently make payments to have their pits emptied for continued use, but the sludge is disposed locally \[[@pone.0171735.ref007]\]. These households might be willing to pay for the costs of collection and transport of fecal sludge for treatment; but this is not well understood. A second source of financing the costs could be through the reuse of fecal sludge for compost or energy. However, recovering this value from sludge in single-pit latrines also hinges on it being collected and transported for processing at a central location, because in-situ recovery from single-pit latrines is challenging.

There is a strong case to be made for understanding the actual costs of transport to a central location for treatment, and the private financial contributions that can be expected from households, or through sale of products produced from sludge. Better management of fecal sludge generates classic externalities---benefits accrue not just to owners of latrines through greater convenience, privacy, improved health and reduced household health expenditure, but to others as well through reduced pathogen load in the environment \[[@pone.0171735.ref008]\]. The social benefits of managing fecal sludge are higher than the private benefits, implying that left to the market alone, an inadequate level of sanitation services would be provided \[[@pone.0171735.ref009]\]. From an implementation perspective, identifying the gap between the actual costs and the private contributions is essential before ways to finance this gap (e.g. subsidies or tax concessions to transporting business, charging (or increasing) property taxes, etc.) are considered \[[@pone.0171735.ref010]\].

Much work has been conducted on the engineering and cost side of waste management at the point of treatment \[[@pone.0171735.ref011]--[@pone.0171735.ref014]\]. An equally impressive body of work has been conducted on private willingness-to-pay for waste management \[[@pone.0171735.ref015]--[@pone.0171735.ref020]\]. However, not much work has been done to calculate the actual costs of waste management from onsite latrines in a rural context, or to link the costs of management per household with the households' willingness to contribute to that cost. This paper uses a methodology that does both, with a view to identifying the gap that needs to be financed. The methodology is employed for calculating costs and the private willingness to contribute to that cost for an administrative area in Bangladesh.

The costs of transporting waste depend on moisture content of the sludge, nature of the terrain, distance to transport, types of equipment used and the method by which waste is transferred from smaller units to larger units within the area over which it is to be transported (see for example \[[@pone.0171735.ref021]\]). We design and use a spreadsheet-based model to identify a cost-effective option for transporting sludge and use estimates of the capital and operational costs of equipment in common use and distances within the considered administrative area to calculate the per household cost of transporting sludge. We then employ a double-bound contingent valuation method to elicit from households their willingness-to-pay to have sludge transported for treatment, in order to identify the magnitude of private contributions towards the full costs. Contingent valuation is a popular method for eliciting responses on willingness-to-pay for potential goods and services \[[@pone.0171735.ref020], [@pone.0171735.ref022]--[@pone.0171735.ref026]\].

This methodology can be used to identify and operationalize sludge emptying and transport options from onsite latrines in other rural contexts. The spreadsheet model can be used to calculate emptying and transport costs, and the willingness-to-pay methodology can be used to elicit private contribution towards the actual costs in other context-specific administrative areas.

The University of Leeds Faculty of Mathematics and Physical Science, MaPS and Faculty of Engineering joint faculty research committee approved this study. All official and regulatory permissions necessary for conducting research in Bangladesh were coordinated and obtained by NGO Forum for Public Health.

The context of Bangladesh {#sec007}
-------------------------

In recent years, Bangladesh has made rapid progress in improving sanitation in rural areas and around 40 million new pit latrines have been built. However, this rapid increase in use of household latrines has not been accompanied by a growth in appropriate management of fecal sludge. Currently, when pits fill, they are emptied manually by pit emptiers, who then dispose raw fecal sludge in the vicinity of households \[[@pone.0171735.ref027]\].

No service (either private, public or ad-hoc) that collects sludge from pits and transports it away for treatment exists for rural Bangladesh. This results in significant increased risk of infection from fecal-oral diseases, including transmission of helminthic infections, to humans; as well as environmental pollution. Though open defecation rates are low at 4% of the population \[[@pone.0171735.ref028]\] the total economic losses from inadequate sanitation in Bangladesh are estimated to be US\$ 4.2 billion each year, equivalent to 6.3% of gross domestic product (GDP) in 2007 \[[@pone.0171735.ref029]\].

Replacing single pits with toilets that compost in-situ may not be appropriate for Bangladesh, where high moisture content of sludge (\> 80%) compromises in-situ composting \[[@pone.0171735.ref027], [@pone.0171735.ref030]\]; where homesteads are often small; and where shallow groundwater is the primary drinking water source \[[@pone.0171735.ref031], [@pone.0171735.ref032]\]. In this context, designing services that manage sludge from pit latrines is important for public health and environmental reasons.

In this paper we estimate the costs of transporting sludge to a central location for treatment, for a subdistrict of rural Bangladesh, the geography at which sludge management is envisaged by the Government of Bangladesh. We also elicit and estimate the willingness of households to pay for collection, and transport away from the home. The costs of operating the treatment process and the revenue from sale of products from treatment (e.g., compost) would be important additional research elements required to design a sustainably financed system but this component is not considered in this paper.

Bhaluka subdistrict in Mymensingh district in central Bangladesh was selected as the site for conducting this research. Bhaluka's literacy (49.7%), and school attendance rates (47.7%) are slightly below the national average of 51.8% and 52.7% respectively, while urbanization (14.3%) is significantly below the national average of 23.3% \[[@pone.0171735.ref028]\]. Around 93% of households use a latrine, while 67% use a sanitary latrine (which is most often a pit toilet). The results in this paper are likely to be broadly nationally representative for rural subdistricts of Bangladesh.

Estimating costs for emptying and transport of fecal sludge {#sec008}
===========================================================

General approach to cost calculation {#sec009}
------------------------------------

We use a spreadsheet based model to estimate the total, per latrine, per emptying event and per household costs of emptying and transporting fecal sludge based on the assumption that the average rate of filling of pits in our earlier study would apply to all pits in the administrative area under consideration \[[@pone.0171735.ref033]\]. The model takes into account capital costs of equipment, capital maintenance costs, operating costs (including fuel for transport and supplies of safety equipment, cleaning equipment etc.), and labor costs. Several technical options are considered, deploying a range of emptying and transport equipment in various combinations. For both emptying and transport there are potential trade-offs between smaller, manual options and larger, mechanized equipment, which has higher capacity, speed, and range, but also higher capital costs. A range of plausible options was selected based on discussions with operators and a review of equipment available in the market.

The type and quantity of equipment is a function of the amount of fecal sludge which needs to be moved, and the length of time each emptying and transport event takes. The total volume of sludge which needs to be moved to meet 100% of demand for emptying also needs to be estimated. In this paper, the volumes of fecal sludge to be transported in Bhaluka were estimated based on earlier studies reported in \[[@pone.0171735.ref007]\].

Capital costs, typical capital maintenance replacement periods and estimates of the costs of operational wear and tear were collected from the local market for all the technologies included in the calculation. Unit costs for labor and fuel were also taken from the local market.

Typical performance data for the selected emptying and transport technologies were collected through interviews with operators who have used these technologies in trials locally, and a survey of equipment specifications in the local market. Perspectives on the time needed in each case to empty a typical pit, typical levels of staffing (people per unit) and the time needed to transfer fecal sludge at the point of disposal were also elicited from these operators through interviews and observation. The spreadsheet calculates the total number of emptying events in one year and from this the number of units required to meet 100% of the demand for pit emptying for each combination of equipment modeled.

For ease of comparison the net present value of all costs are calculated assuming an operational period of 25 years. A discount rate applicable to the local context also needs to be selected. In this case, a discount rate of 11% is used; a value of 12% has been recently used in projects in Bangladesh relating to water sector services, which take the social rate of time preference (SRTP) and social opportunity cost (SOC) of capital into account \[[@pone.0171735.ref034]\].

Total net present value of all costs is then divided by the assumed operational period to give an annualized total cost for each of the technology combinations considered. This can then be divided by the total number of households (to know the 'per household' annual cost) or by the number of emptying events for the subdistrict as a whole (to give a cost 'per emptying').

Distance of travel between households and potential treatment sites {#sec010}
-------------------------------------------------------------------

Distance of travel has a major influence on total costs. Spatial data on the location of households with latrines, the location of the sites where sludge might be collected and held temporarily (if any) and the location where sludge is finally transported to for treatment need to be collected. Households are usually clustered in villages (or wards) in which case GPS locations of the clusters are assumed to be sufficiently accurate.

In this case, we used spatial data generated from hand-held GPS devices to identify the locations of sampled households in each village in the subdistrict. In each case a central point was then calculated for each village. The location of the treatment facility was assumed to be the subdistrict headquarters. This is normal practice in Bangladesh where municipal solid waste treatment, for example, is concentrated in subdistrict headquarters. The union is potentially a place where sludge could be held temporarily before it is finally transported to the subdistrict headquarters for treatment. The location of each union headquarters and the subdistrict headquarters was obtained from government records. As a general rule we assumed that the routes between villages and union headquarters were non-metaled tracks, whereas the routes between union headquarters and subdistrict headquarters were assumed to be metaled roads. This assumption is rather conservative in terms of calculating transport costs, as many villages are at least partly connected to union headquarters by means of metaled roads. Total travel distances, on both types of road, were then calculated for each village in each union using the GPS coordinates collected earlier. These were then weighted for population, summed, and then divided by the total number of villages to give the average travel distance by track and road between each village and its union headquarters and each union headquarters and the subdistrict headquarters.

Selection of technologies for emptying and transport {#sec011}
----------------------------------------------------

A review of the opinions of local pit emptiers and global sanitation experts was conducted to identify locally feasible technologies for emptying and transporting sludge. Key informant interviews, and online surveys are some of the tools that can be employed to collect the data needed for identifying suitable technologies. These technologies, especially simple pumps, and simple transporting options, could then be tested in the field to gather data especially on labor and time requirements.

In this case, a literature review, a survey of 31 international sanitation experts, interviews with local pit emptiers, and in-field testing of a few pumps and simple transportation options was used to identify that the most suitable improved emptying technology for rural Bangladesh, including for our study site, was the diaphragm pump, a hand held non-powered tool which enables the removal of sludge and wastewater from pits while minimizing human contact \[[@pone.0171735.ref027]\]. Currently the vast majority of pits are emptied manually without the use of mechanized equipment of any kind (data obtained from the household survey described in the section on willingness to pay below). We therefore selected two options for modeling the costs of emptying; manual emptying and the diaphragm pump. For transport we considered the use of small trucks carrying plastic barrels which is the most common method currently used by pit emptying contractors in rural Bangladesh. These trucks can usually access villages even where metaled roads are not available. Usually pit contents are transported to the place of disposal using these trucks, but we also considered the additional use of tankers with a typical capacity of 15,000 liters to transport fecal sludge between union and subdistrict headquarters. The use of this additional transport option would require transfer of material from trucks to the tankers at the union headquarters, probably at a simple transfer station consisting of ramp and a tank. We did not include the costs of transfer stations, which are considered to be minimal compared to the operating costs of the system as a whole. A summary of the options considered is shown on [Table 1](#pone.0171735.t001){ref-type="table"}.

10.1371/journal.pone.0171735.t001

###### Options for modelled costs.

![](pone.0171735.t001){#pone.0171735.t001g}

  Option   Method of Emptying   Transport   
  -------- -------------------- ----------- --------
  1        Manual               Trucks      Trucks
  2        Manual               Trucks      Tanker
  3        Diaphragm Pump       Trucks      Trucks
  4        Diaphragm Pump       Trucks      Tanker

Results {#sec012}
-------

### Typical travel distances {#sec013}

Average travel distances for each union are shown in [Table 2](#pone.0171735.t002){ref-type="table"}. Overall the average distance between a village and the union headquarters was found to be 3.5 km and the average distance from a union headquarters to the subdistrict headquarters was 8.9 km.

10.1371/journal.pone.0171735.t002

###### Travel distances in Bhaluka subdistrict.

![](pone.0171735.t002){#pone.0171735.t002g}

  Union                          Average Travel Distance by Union (km)         
  ------------------------- ---- --------------------------------------- ----- ------
  Bhaluka                   6    2.7                                     2.7   0.0
  Birunia                   12   16.4                                    7.2   9.2
  Dakatia                   10   15.5                                    3.2   12.3
  Dhitpur                   6    8.4                                     2.1   6.3
  Habirbari                 7    10.7                                    2.4   8.3
  Kachina                   11   21.2                                    4.9   16.3
  Meduary                   11   9.7                                     3.0   6.7
  Mallikbari                11   9.6                                     3.5   6.2
  Rajai                     10   11.6                                    2.5   9.1
  Uthura                    7    13.9                                    1.6   12.3
  Bharadoba                 4    5.8                                     1.8   4.0
  Bhaluka Upazila Average        12.4                                    3.5   8.9

### Costs and performance characteristics of emptying and transport equipment {#sec014}

Unit costs of labor and fuel are summarized in [Table 3](#pone.0171735.t003){ref-type="table"}. The cost and performance characteristics of the two emptying options and the two transport options are summarized in Tables [4](#pone.0171735.t004){ref-type="table"} and [5](#pone.0171735.t005){ref-type="table"} respectively.

10.1371/journal.pone.0171735.t003

###### Unit costs and working hours.

![](pone.0171735.t003){#pone.0171735.t003g}

  Element                              Unit        Rate
  ------------------------------------ ----------- -------
  Wages                                            
  Skilled Labor (Pit Emptying)         BDT/hour    20
  Skilled Labor (Transportation)       BDT/hour    20
  Unskilled Labor                      BDT/hour    15
  Working hours                                    
  Average Hours worked per Day         hours       8
  Average Days Worked Per Week         days        4
  Average Operational Weeks Per Year   weeks       40
  Average Operational Hours per Year   hours       1,280
  Fuel costs                                       
  Fuel Costs                           BDT/litre   68

Source: Pit emptying survey and authors\' calculation

10.1371/journal.pone.0171735.t004

###### Performance characteristics-emptying options.

![](pone.0171735.t004){#pone.0171735.t004g}

  Element                      Unit                    Manual   Diaphragm
  ---------------------------- ----------------------- -------- -----------
  Preparation time             Minutes                 30       15
  Emptying time for full pit   Minutes                 150      20
  CAPITAL COSTS                                                 
  Capital Costs                BDT                     1,000    30,000
  Capital replacement period   Years                   3        5
  Capital maintenance cost     \% capital costs        100%     100%
  Operational wear and tear    \% capital costs/year   10%      15%
  Annualised capital costs     BDT/year                156      3,909
  OPERATIONAL COSTS                                             
  Nr of skilled operators                              2        1
  Nr unskilled operators                               1        
  Labour costs                 BDT/hour                55       20

Source: Market survey and authors\' calculation

10.1371/journal.pone.0171735.t005

###### Performance characteristics-transport options.

![](pone.0171735.t005){#pone.0171735.t005g}

  Element                                   Unit                   Truck     Tanker
  ----------------------------------------- ---------------------- --------- -----------
  Loading/Emptying Time                     Minutes                30        60
  Travel speed (Tracks)                     km/hour                10        
  Travel Speed (Roads)                      km/hour                30        30
  Capacity                                  litres                 120       15000
  CAPITAL COSTS                                                              
  Capital cost                              BDT                    624,000   1,560,000
  Capital maintenance/ replacement period   Years                  7.5       10
  Capital maintenance cost                  \% capital costs       100%      100%
  Operational wear and tear                 \% capital cost/year   10%       15%
  Annualised capital costs                  BDT/year               46,124    154,003
  OPERATIONAL COSTS                                                          
  Wages                                                                      
  Nr of skilled operators                                          1         1
  Nr unskilled operators                                           1         1
  Labour costs                              BDT/hour               35        35
  Other operational costs                                                    
  Fuel consumption                          litres/km              0.1       0.2
  Other consumables                         BDT/km                 0.1       2
  Operational costs (excluding labour)      BDT/km                 6.9       15.6

Source: Market survey and authors\' calculation

### Total costs for emptying and transport of fecal sludge for Bhaluka Subdistrict {#sec015}

There are a total of 77,413 households with single pit latrines in Bhaluka \[[@pone.0171735.ref028]\]. Although the average household size is 4, the average number of users of each latrine is 5 due to shared use of approximately 20% of the household latrines. The pits have on average 2.4 rings, with a diameter of 0.83m. The typical sludge accumulation rate in Bhaluka is calculated at 0.11 liters/person/day \[[@pone.0171735.ref027]\]. This means that the typical latrine will need to be emptied approximately once every 3.7 years. For the whole population, that results in the need for 20,760 emptying events each year, and a total of 15,219 m^3^ of sludge to be emptied and transported annually.

The four options for managing emptying and transport of all this fecal sludge are summarized in [Table 6](#pone.0171735.t006){ref-type="table"}. To empty all pits as they fill requires 49 teams of manual emptiers or ten teams of emptiers equipped with a diaphragm pump---i.e., considerably more than are currently operating in the area. Transport would require 228 Trucks, or 169 trucks and 3 large tankers, if transfer to larger tankers were an option. Between 354 and 603 jobs would be created or maintained depending on the technology option selected.

10.1371/journal.pone.0171735.t006

###### Summary of emptying and transport solutions.

![](pone.0171735.t006){#pone.0171735.t006g}

  Option   Emptying         Transport   Total staffing (people)                       
  -------- ---------------- ----------- ------------------------- -------- ----- ---- -----
  1        Manual           49          Trucks                    Trucks   228   \-   603
  2        Manual           49          Trucks                    Tanker   169   3    491
  3        Diaphragm Pump   10          Trucks                    Trucks   228   \-   466
  4        Diaphragm Pump   10          Trucks                    Tanker   169   3    354

Source: Authors\' calculation

[Table 7](#pone.0171735.t007){ref-type="table"} summarizes the total costs of each option. The least expensive option is option 4 (use of diaphragm pumps and a combination of trucks and tankers) with an annual cost of BDT 22.6 million (USD 289,444). The most expensive option is option 1 (manual emptying and trucks only) with an annual cost of BDT 45.8 million (USD 586,845).

10.1371/journal.pone.0171735.t007

###### Summary of costs.

![](pone.0171735.t007){#pone.0171735.t007g}

  Option                                       Total capital costs   Annual cost [^1^](#t007fn002){ref-type="table-fn"}^,^ [^2^](#t007fn003){ref-type="table-fn"}   Monthly cost per household with a pit                                           
  -------------------------------------------- --------------------- ---------------------------------------------------------------------------------------------- --------------------------------------- ------------ ------------ ------- ----- ------
  BDT                                                                                                                                                                                                                                               
  1                                            142,321,000           10,523,891                                                                                     13,595,855                              21,654,197   45,773,943   2,205   591   49
  2                                            110,185,000           8,264,596                                                                                      11,061,555                              6,402,234    25,728,385   1,239   332   28
  3                                            142,572,000           10,555,314                                                                                     10,412,666                              21,654,197   42,622,178   2,053   551   46
  4                                            110,436,000           8,296,020                                                                                      7,878,366                               6,402,234    22,576,620   1,088   292   24
  USD [^3^](#t007fn004){ref-type="table-fn"}                                                                                                                                                                                                        
  1                                            1,824,628             134,922                                                                                        174,306                                 277,618      586,845      28      8     0.63
  2                                            1,412,628             105,956                                                                                        141,815                                 82,080       329,851      16      4     0.36
  3                                            1,827,846             135,325                                                                                        133,496                                 277,618      546,438      26      7     0.59
  4                                            1,415,846             106,359                                                                                        101,005                                 82,080       289,444      14      4     0.31

Source: Authors\' calculation

^1.^Annualised capital costs includes cost of servicing capital, capital maintenance and operational wear and tear, over the operational period which is 25 years

^2.^ Operating costs includes fuel, and other operational supplies

^3.^ 1USD = BDT78

These total costs are equivalent to a cost of between BDT 1,088 and 2,205 (USD 14 to 28) per emptying event or BDT 24 to 49 (USD 0.31 to 0.63) per household per month if each household in the subdistrict paid a regular tariff for ongoing pit emptying services.

The detailed breakdown of annualized total costs for each option is shown in [Fig 1](#pone.0171735.g001){ref-type="fig"}. Options 1 and 3, using trucks only, have higher total costs, due primarily to the high operating costs, comprising fuel used in multiple journeys carrying small volumes of sludge. Transferring fecal sludge to larger tankers at the Union headquarters level (Options 2 and 4) significantly reduces the costs of transport. Comparing Options 2 and 4 shows that the use of diaphragm pumps marginally reduces costs, primarily due to time and therefore labor savings. Although the diaphragm pump has higher capital costs compared to manual equipment, the latter must be replaced more often, and more units are required to service the same number of toilets. Diaphragm pumps also offer considerably greater protection to the health of operators and are therefore recommended in preference to manual emptying \[[@pone.0171735.ref027]\].

![Breakdown of annualized costs for each option (in USD).](pone.0171735.g001){#pone.0171735.g001}

Contributions from the private purse: Pit latrine owners' willingness-to-pay for a collection-and-transportation service {#sec016}
========================================================================================================================

A model for estimating willingness to pay using dichotomous choice with follow-up {#sec017}
---------------------------------------------------------------------------------

Contingent valuation can be used to estimate willingness-to-pay (WTP) for a prospective collection and transportation service (simply referred to as 'service' from now on). Contingent valuation is a survey based methodology for eliciting values people place on goods, services, or amenities for which direct markets don't exist, or when revealed preference methods are difficult to apply \[[@pone.0171735.ref035]\]. This method can be used to value one or more good or service, or an attribute.

In this paper, a dichotomous choice (DC) with a single follow-up question was used. The respondent was read a description of the prospective service, presented with a base bid which was determined by the researcher, and asked if s/he is willing to pay the base bid for the service described (a yes/no response). If the respondent accepts the base bid, s/he was presented with a follow-up bid higher than the base bid, and asked if s/he is willing to pay that bid. If the respondent rejects the base bid, then s/he was presented with a follow-up bid lower than the base bid. Both higher and lower bids were also determined by the researcher. Every respondent was presented with two bids---a base bid, and a follow-up bid that depends on accepting or rejecting the base bid.

Contingent valuation methods can be implemented in alternate ways and the choice is often context-specific. DC methods are considered more compatible for truthful revelation of preferences than open-ended or payment card methods \[[@pone.0171735.ref036]\]; the follow-up question provides more information for estimating WTP \[[@pone.0171735.ref037]\]. On the other hand, DC methods are subject to the problem of anchoring \[[@pone.0171735.ref038]\]; which might be exacerbated when there is a follow-up question \[[@pone.0171735.ref039]\]. In this case, the researchers had a reasonable prior estimate for the expected mean or median WTP, enabling the construction of bids around these measures of central tendency \[[@pone.0171735.ref040]--[@pone.0171735.ref043]\].

Let the WTP be modelled as a function, where: $$WTP_{i}\left( {x_{i,},\ e_{i}} \right) = \ x_{i}\beta + e_{i}$$

In [Eq (1)](#pone.0171735.e001){ref-type="disp-formula"}, *x*~*i*~ is a vector of explanatory variables that include the individual's characteristics, as well as the two bids presented to it; *β* is a vector of parameters that describe the effect of the individual's, characteristics and the presented bids on the WTP. *e*~*i*~ is the error term such that *e*~*i*~ \~ *N*(0, *σ*^2^). Let *b*~1~ be the first bid that the respondent is presented with, and *b*~2~ the next bid. Let $y_{i}^{1}$ and $y_{i}^{2}$ be dichotomous variables that denote the responses of the individual *i* to the first and second bid, respectively. Following \[[@pone.0171735.ref044]\] there are four possible outcomes:

-   $y_{i}^{1}$ = 1 *and* $y_{i}^{2}$ = 0; *then*, *b*^1^ ≤ *WTP* \< *b*^2^. *Thus*: $$\text{Pr}\left( {s,n} \right) = \Phi\left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{1}}{\sigma}} \right) - \ \Phi\left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{t^{2}}{\sigma}} \right)$$

-   $y_{i}^{1}$ = 1 *and* $y_{i}^{2}$ = 1; *then*, *b*^2^ ≤ *WTP* \< ∞. *Thus*: $$\text{Pr}\left( {s,s} \right) = \ \Phi\ \left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right)$$

-   $y_{i}^{1}$ = 0 *and* $y_{i}^{2}$ = 1; *then*, *b*^2^ ≤ *WTP* \< *b*^1^. *Thus*: $$\text{Pr}\left( {s,n} \right) = \ \Phi\left( {x_{i}^{\text{'}}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right) - \ \Phi\left( {x_{i}^{\text{'}}\frac{\beta}{\sigma} - \ \frac{b^{1}}{\sigma}} \right)$$

-   $y_{i}^{1}$ = 0 *and* $y_{i}^{2}$ = 0; *then* 0 \< *WTP* \< *b*^2^. *Thus*: $$\text{Pr}\left( {n,n} \right) = 1 - \ \Phi\ \left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right)$$

The parameters *β* and *σ* are estimated by maximizing the following likelihood [function (7)](#pone.0171735.e017){ref-type="disp-formula"} for all respondents where: $$i\  \in \left( {1,\ N} \right)$$ $$\sum_{i = 1}^{N}{d_{i}^{sn}ln\left( {\Phi\ \left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{1}}{\sigma}} \right) - \ \Phi\left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right)} \right) + d_{i}^{ss}ln\left( {\ \Phi\ \left( {\ x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right)} \right) + \ d_{i}^{ns}ln\left( {\Phi\ \left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right) - \ \Phi\left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{1}}{\sigma}} \right)} \right) + d_{i}^{nn}ln\left( {\ 1 - \Phi\ \left( {\ x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b^{2}}{\sigma}} \right)} \right)}$$ where the variables *d*~*i*~^*sn*^, *d*~*i*~^*ss*^, *d*~*i*~^*ns*^ and *d*~*i*~^*nn*^ are indicator variables that take the value 1 or 0; thus an individual contributes to the likelihood function in only one of its four parts \[[@pone.0171735.ref044]\]. Once $\hat{\beta}$ and $\hat{\sigma}$ are estimated, the WTP is calculated as $\hat{WTP} = \ x^{\prime}\hat{\beta}$.

Describing the service and constructing bids {#sec018}
--------------------------------------------

A simple description of the service that would transport the sludge away for treatment needs to be presented to the respondent. Then the bids need to be constructed. The bids are typically set keeping in mind the market price of an existing service that might be an imperfect substitute to the hypothetical one being described, or keeping in mind the price of the currently prevailing practice of managing sludge used by households. Surveys of pit latrine emptiers were used to gain an understanding of these charges, in order to construct the bids. The contingent valuation study needs to be conducted on households with pit latrines, in the same administrative area for which the costs of transportation are being estimated.

In this paper, the WTP study was conducted in Bhaluka, to enable comparisons to the costs of the service previously calculated. The current practice of using professional pit emptiers, who empty the pit during nighttime using bare hands and buckets and dump it in the backyard of the homestead in a shallow trough \[[@pone.0171735.ref027]\], is called 'empty-and-dump'. It can be regarded as an imperfect substitute to a collection-and transportation service: both methods continue to provide the household with a functional toilet when the pits fill, but the proposed service removes sludge from the premises, providing additional private aesthetic benefits. It can be argued that the private benefits accruing to the household from the service are at least as high, if not higher, than that from the empty-and-dump practice.

Thus, the following service was described to the respondent:

> "Please think about the pit latrine that was built for you. When the pit is full, you will probably hire a pit emptier to empty it. You would be able to continue using the latrine, but the waste would be dumped in a shallow trough near your house, or be thrown into a water body if your house is next to one. However, if a service were designed to collect and transport sludge, you would be able to continue using your latrine, and the waste would be taken far away from your house. You may have to spend a bit more money, but the backyard of your house would be clean and not polluted. We are interested in understanding if you value the waste from your pit latrine being taken far away from your house."

Since empty-and-dump is an imperfect substitute for the service, focus group discussions were held with pit emptiers to understand how charges were levied currently, in order to construct bids for the service. Most pits have the same diameter, thus variations in volume are mostly attributed to the depth. Charges for empty-and-dump were rather flat, and did not vary much with the volume of the pit, largely because the amount of time involved in opening the pit and preparing the shallow trough for dumping is independent of the volume of the pit. Emptiers reported charging \~BDT 400 for empty-and-dump.

With a mechanized collect-and transport service, the total amount of time taken to empty the pit would vary even less with its volume, while delivering additional private benefits. Thus bids for the hypothetical service were constructed using reported charges for empty-and-dump, increasing the charges slightly to capture additional private benefits from the service. Four base bids, set at BDT 400, 600, 700 and 800 were determined. [Table 8](#pone.0171735.t008){ref-type="table"} displays the base bids, and the follow up bids associated with the base bids. If a households assigned a base bid of BDT 400 rejected it, it was presented with a follow-up bid of BDT 300. In cases where the base bid was set at BDT 800 and the household accepted it, it was presented with a follow-up bid of BDT 1,000.

10.1371/journal.pone.0171735.t008

###### Vector of bids and number of households.
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        Follow up bid         
  ----- --------------- ----- -----
  400   600             300   286
  600   700             400   280
  700   800             600   282
  800   1000            700   243

Sampling strategy {#sec019}
-----------------

Sample size calculations need to conducted, in a manner relevant to the administrative area in which the study is being designed. This is done to ensure that the sample has sufficient statistical power. A list of households owning pit latrines also needs to be procured to enable the selection of a random sample. If households within the administrative are clustered into villages or wards, then a two-step random sampling process that first selects clusters, and then households in the cluster, is recommended. Sampling weights may have to be constructed to improve the ability of the sample to make predictions about the population; and standard errors may need to be clustered at the cluster level.

In this paper, it was assumed that 50% of the households in Bhaluka had emptied their pits at least once, while the rest were yet to empty. A confidence level of 95%; a design factor of 2 to account for village-level clustering; and a non-response contingency of 5%, was considered. The minimum sample size for this study was calculated as 807 households. To increase the statistical power of the test the sample size was increased to 1,091 households (approximately 1% of rural households in Bhaluka).

While latrine coverage in Bhaluka is impressive census data cannot be used to identify households with pit latrines. Since the purpose of this study was to understand WTP for emptying and transporting sludge from pit latrines, we needed to select a sample where all households own a latrine. BRAC, a major agency responsible for the installation of \~10,000 pit latrines in Bhaluka, maintains a list of households whose pits were installed by the program, along with their addresses. This list was used to select a random sample of households.

A two-step random sampling rule was used. Villages with less than 15 BRAC-financed single pit latrines were excluded. A village was randomly selected (without replacement) and 40% of BRAC households in that village were sampled. This was done till the 1,091 households were selected. Thus, our sample consists of 1,091 households in 44 villages.

In our sample, the probability of a household living in a village with fewer BRAC households being selected into the sample is higher than that for a household living to a village with more BRAC households. Sampling weights are used to address the unequal probabilities of selection, and are calculated as the inverse of the product of two probabilities: the probability of a village being selected, and the probability of a BRAC household within that village being selected. Finally, all results are reported after accounting for clustering at the village level to ensure that the estimates are not mistaken to be more precise than they actually are.

Since BRAC households may be different from non-BRAC households, the asset register, a self-reporting record, maintained by the Bhaluka subdistrict government office was used to procure a list of non-BRAC households with pit latrines in the 44 villages in our sample. Using a similar two-step sampling process, 15 villages from each of the 44 villages were randomly chosen, amounting to 660 households. Analysis was conducted on this sample, and household characteristics, revealed and stated behaviors, as well as willingness-to-pay for the service were found to be similar. We do not include data from non-BRAC households in this paper.

Data and methods {#sec020}
----------------

Each respondent in the sample was randomly assigned to receive a vector of bids to respond to. A questionnaire was designed to elicit responses to the vector of bids, and to elicit other socioeconomics data.

In this case, a questionnaire was implemented to each BRAC household in which pit emptying behaviors and payments for empty-and dump were elicited. For the willingness-to-pay question, within each village, selected households were randomly allocated to receive one of the four vectors of bids in [Table 8](#pone.0171735.t008){ref-type="table"}. Of the 1,091 households, two hundred and eighty six households were randomly assigned to receive BDT 400 as the base bid, 280 were assigned to BDT 600 as the base bid, 282 to BDT 700, and 243 to BDT 800.

We also elicited from the respondents, their perceptions about alternative pit emptying and sludge disposal practices. Respondents were given ten stones and a cup, and were asked to express the degree of their agreement to a statement by putting marbles in the cup \[[@pone.0171735.ref045]\]. Perceptions related to cleanliness, safety and convenience of empty-and-dump and collect-and-transport service were elicited. Information on household characteristics was also collected. The questionnaires were administered to the male head of the household.

Results {#sec021}
-------

### Summary statistics {#sec022}

In our sample, the average household size was 4.56 ([Table 9](#pone.0171735.t009){ref-type="table"}). In 50% of households, the highest level of education was secondary school (Class 6--10), while in 34% of households, primary education was the highest education level. The mean annual income per household was USD 1,246, amounting to approximately USD 2.8/ day in 2005 purchasing power parity. This is just over twice the World-Bank defined international poverty line of USD 1.25/day, in 2005 purchasing power parity. Around 66% of households are involved in non-farm occupations, while a similar percentage report living in houses with brick walls. Metal sheets were the most common roofing material. Comparing these statistics to the 2011 census indicates that the sample is representative of Bhaluka subdistrict.

10.1371/journal.pone.0171735.t009

###### Summary statistics for the sample.
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                                                           Mean      Std Dev
  -------------------------------------------------------- --------- ---------
  No. of family members                                    4.56      1.71
  \% households where highest education is                           
   Class 1--5                                              0.34      0.47
   Class 6--10                                             0.46      0.5
   Class 11--12                                            0.08      0.27
   Beyond Class 12                                         0.05      0.22
  No. of concrete liners in the pit                        2.36      1.14
  Annual household income (USD)                            1245.61   1077.83
  No. Women/household making toilet-management decisions   1.17      0.66
  \% households with non-farming income source             0.67      0.47
  \% households with brick walls                           0.68      0.47
  \% households with metal sheet roof                      0.97      0.17

Source: Authors\' data

### Current sludge emptying and transportation practices {#sec023}

Most pit latrines were installed around 4 years ago, with around 4--5 users per latrine. Around 20% of the sample had emptied their pit at least once, while the rest reported that they would have to have their pit emptied soon. Eighty-eight percent of all households reported that when their pits would be emptied next, a pit emptier would be hired. Ninety percent of households reported that sludge from their pits---when emptied---would be dumped in their backyards.

### Estimating WTP for emptying and transportation service {#sec024}

[Table 10](#pone.0171735.t010){ref-type="table"} examines whether there is any evidence for an anchoring bias in the responses to bids, by tabulating the no/no, no/yes, yes/no and yes/yes responses for each of the four base bids. As the base bid amount increases, the number of no/no responses rises (column 1), and the number of yes/yes responses falls (column 4), as expected. When the base bid was BDT 400, 127 of the 286 households gave a response of yes/no, suggesting that for 44% of these household, the WTP lies between BDT 400--600. With a base bid of BDT 600, 144 of the 280 households gave a response of no/yes, indicating that the WTP of 51% of these households lies between BDT 400--600. For a base bid of BDT 700, 167 of the 282 households gave a response of no/no, suggesting the WTP of 59% of these households is less than BDT 600. Finally, when the base bid was 800, 180 of the 243 households gave a no/no response; the WTP of 74% of these households is less than BDT 700. These numbers suggest that the probability of accepting a base bid is not particularly sensitive to the starting point.

10.1371/journal.pone.0171735.t010

###### Responses to the bid vectors.
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                                \(1\)    \(2\)      \(3\)       \(4\)
  ----- ----------- ----------- -------- ---------- ----------- --------
  400               Intervals   0--300   300--400   400--600    \>600
  286   No. of hh   27          91       127        41          
        \%          9.44        31.82    44.41      14.34       
  600               Intervals   0--400   400--600   600--700    \>700
  280   No. of hh   73          144      38         25          
        \%          26.07       51.43    13.57      8.93        
  700               Intervals   0--600   600--700   700--800    \>800
  282   No. of hh   167         82       21         12          
        \%          59.22       29.08    7.45       4.26        
  800               Intervals   0--700   700--800   800--1000   \>1000
  243   No. of hh   180         31       27         5           
        \%          74.07       12.76    11.11      2.06        

We estimate the WTP using: the value of the base bid; response to the base bid; the value of the follow-up bid; response to the follow-up bid; and the data on household characteristics. This uses information from 1,041 of the 1,091 households. Fifty observations were dropped by STATA as each of these had information perfectly collinear to another observation that was part of the analysis. We also bootstrap the estimates of WTP; 100 samples of 1,041 observations each were drawn with replacement. The estimate, and their confidence intervals, is presented in [Table 11](#pone.0171735.t011){ref-type="table"}. The WTP for emptying and transportation service is estimated at \~ BDT 507.

10.1371/journal.pone.0171735.t011

###### Household willingness to pay for emptying and transportation.
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  -------------------------------------------------------------------------------------
                                         Number of samples = 100\      
                                         Number of obs/ sample = 100   
  ----- -------- ------- ------- ------- ----------------------------- ----------------
  WTP   506.66   13.15   38.54   0.000   480.89--532.42                482.80--534.01

  -------------------------------------------------------------------------------------

We also estimated a dichotomous choice model with no follow-up, using only the base bids and the responses, to check for an anchoring bias. This likelihood function is $\left. \text{Pr(}y_{i} = 1\  \middle| x_{i})\  = \ \Phi\ \left( {x_{i}^{\prime}\frac{\beta}{\sigma} - \ \frac{b_{i}}{\sigma}} \right) \right.$. After the estimates of $\hat{\beta}/\hat{\sigma}$ and $- 1/\hat{\sigma}$ are obtained, $\hat{WTP} = \  - x_{i}^{\prime}\frac{\hat{\beta}/\hat{\sigma}}{- 1/\hat{\sigma}}$. This gives an estimate of WTP to be BDT 435.69, and a standard error of 24.00. This is not statistically different from estimate of BDT 507 obtained using the follow-up questions.

Discussion {#sec025}
==========

This paper presents a methodology for identifying the actual per household costs of transportation of sludge for treatment from onsite latrines, using a cost-effective option, and links it to the households' willingness to contribute to that cost. This allows the gap in financing of sludge management to be identified, to pave the way for considering alternative economic instruments to finance the gap.

For the case under consideration, we estimated that the cheapest cost per emptying event that can be achieved is BDT 1,088. The total costs of emptying and transport of fecal sludge in Bhaluka are significantly influenced by the choice of technology to be used. A combination of smaller units which can reach rural communities, and larger units for transporting sludge over longer distances seems to offer the best cost efficiencies. The operational component of the cost (including fuel and labor) comprise a significant portion of the costs of service provision (as much as seventy-five percent of the total costs of service provision in the case considered). Selecting appropriate technology combinations can lower total costs and reduce this percentage (to around sixty-three percent in the case considered).

We outlined a method by which we estimated that households in Bhaluka subdistrict are typically willing to pay up to BDT 507 for the emptying and transport away of the contents of their pit latrines. If willingness to pay remains unchanged then household contributions would currently cover only 47% of the cost of emptying and transport, leaving a deficit of BDT 581 per emptying event, equivalent to BDT 12 million per year (USD 154,500 per year) for Bhaluka subdistrict.

This deficit would most likely have to be met by local government and appears high. But another way to consider this is to think of emptying and transport as an ongoing *service* rather than as a one-off intervention, which is enjoyed on an ongoing basis by all households with pits. On [Table 7](#pone.0171735.t007){ref-type="table"} we calculate the *annual* cost per household with a pit, of the full emptying and transport service, to be BDT 292 (USD 4), assuming that every household would pay this amount irrespective of whether their pit was emptied in that year. In effect the service would then be provided on a subscription basis, similar to the payment of flat-rate water tariffs, or mobile phone contracts. The cost *per month per household* would be only BDT 24 (USD 0.31).

Converting payment regimes to regular payment of a predictable smaller amount could plausibly increase willingness and ability to pay and result in a higher proportion of emptying and transport costs being covered by households. In this case, a monthly fee of between USD 0.31 and 0.63 would be sufficient to cover the costs. This would enable public funds to be concentrated on the treatment element of the sanitation value chain. To date we are not aware of any similar analysis carried out in other settings with which these findings could be compared.

An alternative approach would be to invest funds in a marketing campaign to encourage households to construct and manage twin pit latrines thus negating the need for a centralized management service. Our household survey suggests that there is little interest in this; most households expressed a strong willingness to pay for a service which would result in the wastes being removed from the vicinity of the house. Additionally, observations suggest that few, if any, households have upgraded from a single to a twin-pit latrine in recent years. The high water tables characteristic of large parts of Bangladesh also mean that aerobic treatment potential inside pit latrines may be rather limited. Previous fieldwork suggested that pit contents retained high levels of pathogens, particularly helminth eggs, for a long period \[[@pone.0171735.ref007]\].

Expenditures on sanitation are often compared to household expenditures on mobile phones. In Bangladesh the penetration of mobile phone usage is high (an estimated 85% of the rural population report using a mobile phone) but most are pay-to-use, and many use community access platforms of various kinds. The mobile phone industry estimates that the annual revenue per subscriber is only USD 3.55 \[[@pone.0171735.ref046]\] suggesting that the required monthly fee for sanitation services would be only slightly higher than average monthly expenditure on communications.

This analysis covers the emptying and treatment portion of the sanitation value chain. For fully effective safe management of excreta, additional costs and benefits would need to be included in the analysis. On the cost side these include the capital, capital maintenance and operational costs of a treatment facility and on the benefits side the sale value of any treated product, in the form of agricultural inputs or energy. In general, there is more data available on the costs of treatment, but, as with emptying and transport, many of the available data probably underestimate ongoing operational costs. Furthermore, the value of treated products is difficult to estimate as they are strongly influenced by conditions in the downstream market. Currently for example, our research suggests that the sale value of agricultural products derived from human excreta may be depressed by the widespread presence of subsidized chemical fertilizers in the market in Bangladesh.

It seems likely therefore that some form of public subsidy would be required to support the full sanitation value chain, and may even be required to support the emptying and transport elements of the service. We expect this to be the case in other rural administrative areas where onsite sanitation is prevalent, and it needs to be managed. A subsidy is an economically justifiable option (though theoretically not the only option), since sanitation possesses a public good component in the form of health and environmental externalities.

While this study focused on the financial aspects of emptying and transport of fecal sludge there are numerous operational issues which would also need to be considered in implementing any management system. For example, we estimated that between 300 and 600 rural jobs could be created. Current practices of pit emptying are far from satisfactory, so a formalized system would need to include arrangements to secure the safety and well-being of this new cohort of pit emptying and transport workers, whether through regulation, contracts or other forms of incentives. Specific details of the location and nature of the treatment plants would also need to be assessed through a feasibility study.

Conclusions {#sec026}
===========

Countries such as Bangladesh which have been successful in terms of increasing access to sanitation in rural areas, now need to address the emerging challenge of fecal sludge management. This challenge is often seen as one of infrastructure provision, but perhaps a bigger challenge is working out how to establish a robust financial system which can cover the significant operating costs of a system for emptying and transport of fecal sludge to treatment. To date very little work has been done to establish the real costs of operating a rural sludge management system. This study set out to rectify that gap by designing a spreadsheet model to estimate actual costs and comparing this to willingness-to-pay as elicited through a purpose-designed household survey in Bhaluka district. The results are encouraging; while operating costs seem large when considered at district level, they appear to be affordable and appropriate when considered as part of a regular household budget. This study is the first step towards establishing a rural sanitation management service in Bangladesh on a sound financial footing.

More work is needed to establish the global factors which influence emptying and transport costs. Our model could be used to test costs in other geographies and markets and to establish the vulnerability of an emptying and transport service to variations in global prices for fuel, for instance. Nonetheless this analysis represents a significant step forward in our understanding of the real costs of operating rural sanitation services.
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